Leptogenesis origin of Dirac gaugino dark matter 
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The Dirac nature of the gauginos (and also the Higgsinos) can be realized in 
i?-symmetric supersymmetry models. In this class of models, the Dirac bino (or 
wino) with a small mixture of the Dirac Higgsinos is a good dark matter candidate. 
When the seesaw mechanism with Higgs triplet superfields is implemented to account 
for the neutrino masses and mixing, the leptogenesis driven by the heavy triplet 
decay is shown to produce not only the matter-antimatter asymmetry but also the 
asymmetric relic density of the Dirac gaugino dark matter. The dark matter mass 
turns out to be controlled by the Yukawa couplings of the heavy Higgs triplets, and 
it can be naturally at the weak scale for a mild hierarchy of the Yukawa couplings. 

^p" 1 . The gauge sector of the supersymmetric standard model may have an extended structure 

^! beyond the conventional N=l supersymmetry to realize the (almost pure) Dirac nature 
^ c-| as in the N=2 supersymmetry [lj]. To maintain the Dirac structure, one needs an U(1)r 

symmetry which forbids the conventional /i and A terms [2| . This also requires an extended 
Higgs sector jD, 0]. In a more minimal Dirac gaugino scheme with the conventional Higgs 
sector the R symmetry is broken by the presence of the \x and Bfi (or A) terms. Thus, 
qq | although the Dirac structure can be impose at tree level, one loop corrections involving these 
OS • R breaking terms induce sizable Majorana mass terms. 

The Dirac gaugino/Higgsino models have some interesting phenomenological conse- 
quences. First of all, the Dirac or Majorana nature of the gauginos can be tested by several 
observables at the LHC Secondly, the Dirac gaugino denoted by y (assumed to be 

mostly Dirac bino in this work) is a good dark matter (DM) candidate [2, S lU as in the 
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usual minimal supersymmetric standard model, while the Dirac Higgsino dark matter is 
ruled out by the direct detection experiment as well as the cosmic antiproton measurement 



|4|. This is due to the fact that the Dirac Higgsino has a vector interaction with the Z 
boson leading to a large spin-independent cross-section with nuclei, or a large annihilation 
to W + W~. Thereby, one can derive a limit on the Higgsino mixture (denoted by Sy) allow- 
ing the vector interaction, SyXJfiX^^'- $v < 0.2 — 0.3 depending on the dark matter mass. 
Another distinctive feature of the Dirac gaugino is that its annihilation into fermion-anti- 
fermion through the t-channel sfermion exchange, XX ~~ >" //> possesses neither the chirality 
(fermion mass) suppression nor the velocity suppression. Consequently, the Dirac gaugino 
annihilation can be too strong to produce a sizable thermal relic density in the standard 
cosmology if the corresponding sfermion mass is light, or the Higgsino component is on 
the border of the current limit. In this case, a non-standard cosmology or a non-thermal 
production has to be assumed to yield the right relic density of the Dirac gaugino dark 
matter. 

Concerning the origin of the dark matter density, there appears an intriguing relation 



of the dark matter and baryon densities: £Idm/&b — 5 |l2j. The coincidental feature of 



&dm ~ fi_B would imply that they originated from the same source, and it led to a lot of 
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ideas on how such a property can be realized in Nature 13|. In this paper, we will show that 
the conventional leptogenesis 14| in the type II seesaw, which introduces SU(2)l triplets 
to account for the neutrino masses and mixing 15|, can be the common origin of the Dirac 
gaugino dark matter and baryon densities. In other words, when the leptogenesis produces 
a B — L asymmetry, Yb-l = — where s is the entropy density, a non- vanishing 

asymmetry in the Dirac dark matter, Ydm = (n x — is necessarily produced. As will 

be shown explicitly, this can be understood by the presence of the "dark matter number" 
or the "Dirac charge" 0] which is associated with the conventional R symmetry. The Dirac 
charge is conserved by all the interactions of the supersymmetric standard model excluding 
the type II seesaw sector 16j]. As a consequence, the dark matter and baryon densities follow 
the well-known relation: 

&<dm ^ m DM Ydm ^ p. 
£l B m n Y B ~L 

where m n is the nucleon mass. If Yd m ~ Yb-l, Eq. (DO) requires a light dark matter mass 
m-DM ~ 5 GeV. However, we find that the ratio, Ydm /Yb-l, is controlled by the branching 
ratios of the heavy scalar or fermion triplets, and can be in the range of 0.1 — 0.01. Thus, 
the dark matter mass can be naturally at the weak scale in our mechanism. 



Let us begin our main discussion by writing down the superpotential of an U(1)r model 
with an extended gauge-Higgs sector 0, H[ as well as the type II seesaw sector. For this, 
we introduce (anti) Higgs doublet superfields R\ t2 , anti-gaugino multiplet superfields $°, 
and Dirac pairs of the SU{2) L triplet superfields (A;, A£) in addition to the usual minimal 
supersymmetric standard model superfields. Furthermore, supersymmetry and R symmetry 
are supposed to be broken by a constant superpotential Wq and a superfield X which takes 
the vacuum expectation value, (X) = 6 2 Fx- We take the typical size of the supersymmetry 
breaking terms Fx ~ Wq ~ m with in ~ 1 TeV in the unit of the Planck mass: Mp = 1. 

Assigning the following R charges 
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one can write down the new gauge and R invariant superpotential terms given by 

W R = ii x H x R 2 + ^H 2 R X - V2g a (£ 1 H 1 T a R 2 + ^H^R^ + h a XW«Q a $ a , 
W n = y l A i LL + AjAjifiifi + A^A^tfs + M 4 A,A^ . 



(2) 



(3) 



Here W£ are the usual gauge superfields, Q a is the covariant supersymmetric derivative, 
and L and Hi 2 are the lepton and Higgs doublet superfields, respectively (we suppress the 
family index of L). [Remark that more stringent R symmetries defined in Ref. [4| do not 
allow the superpotential Wn in Eq. From the last term of the superpotential Wr in 
Eq. (3), one gets the Dirac gaugino mass term M D X a X ca + h.c. where M D = h a {Fx)- Here let 
us note that we can define the notion of the DM number or the Dirac charge [7| as follows: 
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(4) 



where / denotes the scalar partner of the quark or lepton field /, hi the fermion partner of the 
Higgs boson h iy and 5/S c is the fermionic counterpart of the triplet /anti-triplet boson S/S c . 
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The Dirac charge conservation is respected by all the usual gauge and Yukawa interactions 
except the Aj coupling. That is, the DM number is broken in the decays of the triplets and 
this is why a non-vanishing DM asymmetry Ydm can be generated along with the B — L 
asymmetry Y R -l & s will be explicitly shown later. 

The supersymmetry breaking field X gives the usual soft masses to sfermions and Higgs 
bosons through 

£>, etc.. 

Consistently with the R symmetry in Eq. ([2]) , one finds that the extended fi parameters and 
the Higgs boson B term come from the following R invariant terms 

HRX ] \ D and H 1 H 2 XW\ F , (5) 

respectively. In addition to these, the following operator are also allowed; 

(#i# 2 ) 2 | F , R 1 R 2 WX^\ D (6) 

which spoil the Dirac structure by inducing the usual Higgsino mass terms: 5^hH\H 2 and 
5/j, r R 1 R 2 where 5fi H ~ {H\H 2 ) /M P and 5fi R ~ m 2 /M P . From Eqs. ([31 El ED, we get the 
almost R symmetric gaugino- Higgsino mass matrix: 

M D -iim z s w cp i 2 m z s w sp 

M D — m z s w cp m z s w Sj3 



M-- 



—m z s w c j3 /ii 5[i H 

-£im z s w c p /ii 5fi R 

m z swS/3 S/jh /i 2 

£, 2 m z s w sp 5fi R fi 2 



(7) 



in the Weyl basis of (B c , B, h±,r 2 , h 2 , fi). Here we included only the bino B and anti-bino 
B c , decoupling the wino components for simplicity. One can see that the above mass matrix 
maintains the Dirac structure except the 5fin,R terms. When Mr, <^ /ii j2 , the lightest 
component is mostly the Dirac bino, \ ~ (B, B c ), with m x ~ Mp, and it can have a small 
mixture of the two Dirac Higgsinos, with the mixing parameter 5y ~ itl z Sw/ ^1,2, which was 
used previously. 

The mass terms 5[Ih,r yield small Majorana masses SrriM of the bino and anti-bino 
components given by 
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5m M ~ Sfi H ,R mzSw ■ (8) 

[L X [L 2 

This splits the Dirac bino into two Majorana mass eigenstates with a small mass difference of 
SrriM- In the presence of such a mass splitting, there occurs an oscillation of the bino to the 
anti-bino state with the oscillation time t osc ~ l/5mM, which erases out the bino-anti-bino 
asymmetry produced via leptogenesis. Then, the usual interaction like XX ~^ ff determines 
the relic abundance by the standard freeze-out process, independently of the primordial 
asymmetric relic density. This situation can be avoided if the bino-anti-bino oscillation 
starts after the freeze-out of annihilation processes: t osc > t/ .. It implies T osc < Tf M . where 
the two temperatures are given approximately by T osc ~ \fbm M M P and Tf ~ rn DM /xf 
with Xf ~ 20. Thus, we get the condition: 



i 



which is of the order (JSJ) and can be readily satisfied with m z <C ^1,2 an d a bit suppressed 
S^h,r- Let us remark that the heavier Majorana state \2 decays to the lighter one Xi 
through a radiative decay X2 Xi7 induced by one-loop corrections, and its lifetime is 
shorter than the age of the universe given the mass splitting of the order (JS} {H- Therefore, 
the dark matter today consists of the Majorana fermion xi- 

In order for the leptogenesis to be the main source of the (asymmetric) Dirac gaugino 
dark matter population, the standard thermal freeze-out process should be strong enough 
to suppress the usual (symmetric) dark matter population. As alluded in the introduction, 
the gauge annihilation into a fermion-antifermion pair, XX ~~ >* ff (mediated by the t-channel 
sfermion), does not contain the chirality suppression contrary to the Majorana dark matter 
case and thus this can be sufficiently strong if the corresponding sfermion is not too heavy. 
Taking the final state fermion as a lepton, we get the annihilation rate Q: 

<^> = E 47 K + m|)2 <«» 

where a is the fine-structure constant, c\y is the cosine of the weak mixing angle, and m ; ~ 
is the slepton mass of each lepton flavor I. Taking almost degenerate three slepton masses 
and mj ~ m x , one finds 



{ n) »i*xuv*(Mr*(™™) . (ii) 

V m x J 

As the dark matter relic density follows the relation: Q x h 2 « 2 x 10~ 10 GeV~ 2 /(crt>), we 
conclude that the symmetric relic component is suppressed below the observed value if 
m x < 420 GeV. Such an upper bound on the lightest supersymmetric particle could be 
tested in the near future as the current LHC data constrains the significant parameter 
space of the constrained minimal supersymmetric standard model based on the minimal 



2 



supergravity breaking scenario [17(. Note, however, that the experimental limit strongly 
depends on the supersymmetry breaking scenario and can be easily loosened in models with 
non-universal gaugino masses for instance. 

The type II seesaw mechanism gives rise to the neutrino mass through the vacuum ex- 
pectation values of the triplets: 



m, = £^<A°)=£^F ( 12 ) 

i i 

for (H®) <ti Mi. Thus the product of the two Yukawa couplings is required to be 



for the atmospheric neutrino mass scale m u = \J Am 2 ^ w 0.05 eV and (H$) = 174 GeV. 

Given the neutrino mass condition ffl3|) . let us now discuss how successfully leptogenesis 
can arise. The type II leptogenesis requires more than two heavy triplets and the CP 
violating decays occur through one-loop self-energy diagrams [l8[. The type II leptogenesis 
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differs from the type I leptogenesis as the former uses the decay of the gauge charged 
particle, A, which interacts not only through the Yukawa coupling but also through the 
gauge coupling. However, the resulting asymmetry depends mildly on the gauge interaction 
and the gauge interaction effect becomes irrelevant for high enough triplet masses in a strong 



washout regime 19[. Furthermore, a successful leptogenesis is shown to arise for Mi > 10 11 
GeV 20j. In the below, we will illustrate that there exits an appropriate parameter region 
where both leptogenesis and dark matter genesis work successfully. 

From the decay of the lighter triplet (Ai, Af) with the mass Mi, the lepton (or B-L) and 
CP asymmetry arises as 

3 Im^XDiy^y] M, 



16tt M 2 + |A^| 2 M 2 ^ 

in the limit of Mi <C M 2 [20]. Here we neglect the contribution of Aj assuming they are 
smaller than the other Yukawa couplings as will be required in the following discussions, 
and we will also assume \yi\ ~ |A?|. Then, one gets 



3 nui 1n -s • i/ Mi WIOMA 

sb~l ~ 2/2 AS smd>— - ~ lO" 5 sm0 - ' — (15) 

16vr " 21 y M 2 v \10 12 GeV y \ M 2 J K ' 

where we have used Eq. f[T3"|) and sin <fi is the amount of CP phase contribution. For consid- 
ering the out-of-equilibrium condition, it is convenient to calculate the A-factor: 

K^^(J^) (16) 



H VO-05 eV, 

where T\ k, (|?/i| 2 -|-|A5| 2 )Mi/87r, and H is the Hubble parameter at the temperature T = Mi. 
Here the effective neutrino mass rh\ = lyiXiKH®) 2 /Mi does not have to be related with the 
true neutrino mass in Eq. (12) as it is the sum of the two contributions. Thus, K can take 
any value generically smaller than 32. Nevertheless, we will take K = 32 to show that a 
successful leptogenesis can arise even in this strong wash-out regime driven by a large inverse- 
decay rate. The efficiency factor for large K can be approximated as rj w l/1.2K(\n K) ' 8 
12 ill . and thus one finds a small wash-out factor of 



1 

V 



1.2 A' (In K) 



0.8 



w 1(T 2 . (17) 

K=Z2 



Of course, the wash-out effect can become smaller for smaller K taking smaller effective 
neutrino mass rh\. Putting together the values of the CP asymmetry (1151) and the efficiency 
factor fTT7|) . we finally obtains the resulting baryon asymmetry: 

which shows that the observed value of Yb-l ~ 10 -10 can be obtained for Mj > 10 11 GeV 
with sin <fi ~ 1. 

Let us finally show that the type II leptogenesis can naturally generate the right density 
of the asymmetric dark matter whose mass is at the electroweak scale. For the simplicity of 
our discussion, we will suppress the family indices of the triplets unless otherwise necessary. 
To verify the generation of the Dirac dark matter asymmetry together with the B — L 
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asymmetry coming from the CP-violating decays of the scalar and fermion triplets, we list 
the relevant two-body decays of the scalar triplets (5, 5 C ), and the Dirac fermion triplet 

5 ~^ u : i 2 i 2i hlhl (x c x c ) 
s c ii(xx), hkixx), Mi (19) 

(l~5 c ) 11 ( X ), hji 2 ( x ), hji^x ) 

where we showed the resulting gaugino (%) or anti-gaugino (x c ) dark matter production 
in the parentheses which comes from the decays of Higgsinos or slpetons: hi — > hiX c and 
/ —> lx, etc. 

For our discussion, we need to remind some general property of CP asymmetries in an X 
particle decay. The CPT conservation and unitarity tell us that 

£r(x^j) = E r ^^') (2°) 

jdall j£all 

where the summation is over all the possible final states j. For the CP asymmetry for a 
particular decay channel, X — > j, we define 

4 S r(*^)-r ( *^) (21) 

1 X 

with r^' = J2keaii T ( X k )- E( l- d2QD implies the obvious identity: 

E £ x = • (22) 

jGall 

However, a summation over a subset of all the final states needs not to vanish. In leptoge- 
nesis, one gets a non-zero B — L asymmetry, Sb-l = YlijeB-L Qf ~ L £ x^ f° r the ^ ns ^ states 
carrying the B — L number Qf~ L - Likewise, we can also obtain a non- vanishing asymmetry 
of the Dirac gaugino dark matter, e DM = J2jeDM Qf M e x-> f° r the ^ na l states j with the 
DM number Q® M . We can now apply the above properties in the processes of Eq. f|T9|) . The 
B — L and DM asymmetries are given by 

= —2 [e l g + e% + e 1 ~ c 

5 C 



sdm = -2 + 4 lhl + 4 c l/l1 ] (23) 



where the expression for Sdm is obtained using the identity 022p in the leading order. In- 
cluding the contribution of \ neglected in Eq. (14), we obtain the following CP asymmetries 
in the (Ai, A£) decays: 

£b-l = -6 [ei + e 2 ] 

sdm = +6[ei + e 3 ]. (24) 
Here the quantities ei j2j 3 are proportional to different CP phases given by 

ei oc Im[yi^AiA 2 ] 

e 2 ex Imf^A^*] (25) 
e 3 oc Im[A*A 2 AfA^]. 
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Note that the dark matter asymmetry vanishes if we put Aj = 0, which was obvious from 
the identity ( 122]) applied to the precesses ( IT9|) . This can also be understood by considering 
the notion of the DM number or the Dirac charge defined in Eq. (4). It shows that 
the DM number is broken by the coupling Aj in the decays of the triplets and this is why 
a non-vanishing DM asymmetry Ydm can be generated along with the B — L asymmetry 
Yb-l- Applying the above arguments, one can confirm that no dark matter asymmetry is 
generated in the type I (and also III) seesaw mechanism introducing singlet right-handed 
neutrinos (fermion triplets) as mentioned in the introduction. 
Eq. (J23D gives 

^,^,5 (26) 
m n \e 1 + e 2 \ 

and again the ratio \Ydm/Yb\ = |ei + e 3 1 / 1 ei + e 2 \ becomes vanishingly small in the limit 
of \i — > 0. Therefore, the dark matter mass is determined by the hierarchy of the Yukawa 
couplings y, A and A c (the family indices suppressed). Writing down schematically \e x + 
e 3 | ~ \ 2 {y 2 + A c2 ) and \e x + e 2 | ~ y 2 {\ 2 + A c2 ), one finds that m DM ~ 5(y 2 /\ 2 ) GeV for 
A < y ~ A c . A mild hierarchy of X/y ~ 0.3 — 0.13 sets the dark matter mass at the weak 
scale: ttidm ~ 50 — 300 GeV. 

A comment is in order concerning the dynamics of generating the lepton and dark matter 
asymmetries. As discussed already, the heavy decaying particles, (A, A c ), are charged under 
the Standard Model gauge symmetries and thus they can annihilate through the (strong) 
gauge interactions which becomes important for the low seesaw mass scale Mj. In this case, 
Yb-l and Ydm can be much more suppressed by a large Boltzmann factor and thus the 
CP asymmetries, Sb-l and Edm, need to be much larger than calculated before. This may 
be achieved by the resonant enhancement [2^]. Then, the triplet mass could be as low as 
(D(TeV) allowing maximum CP asymmetries: Sb~l,dm ~ 0(1). It is interesting to probe 
such a TeV scale leptogenesis with a large CP asymmetry at colliders by observing the lepton 
asymmetry, N{l + l + ) - N(l~l~), in the triplet decay of A ±zL / ± / ± [23 . 



To conclude, we have shown that the usual leptogenesis in the type II seesaw mechanism, 
which introduces vector-like Higgs triplets, can be the common source for the matter-anti- 
matter asymmetry and the dark matter relic density in Dirac gaugino models. In order 
not to deplete the asymmetric dark matter density, the Dirac nature of the gauginos has 
to be maintained suppressing Majorana mass terms appropriately, which can be ensured by 
imposing an U(1)r symmetry. This mechanism can explain the intriguing coincidence of 
Qdm/^b ~ 5 with the dark matter mass at the weak scale which can be naturally obtained 
by a mild hierarchy of the Higgs triplet Yukawa couplings. Whereas, in the type I or III 
leptogenesis induced by singlet or triplet Majorana fermions, it is not possible to generate 
the dark matter asymmetry as the dark matter number is respected by the decay processes 
although they are CP-violating and out-of-equilibrium. 
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